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3KT δi j (1.11)
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Photron 0.25m 8.0∼ 11.0×10−5m/pixel
5W GPSS Green Laser
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TL = H/V0 (2.2)
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η = R−3/4ep D (2.4)
υ = R−1/4ep V0 (2.5)






D = 0.02m φ = 0.45 7 -2.4








D [m] φ V0 [m/s] Rep TL [s] TS [s]
0.021 75 2.4 5.5×10−2
0.010 0.32 0.029 103 1.7 3.4×10−2
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0.040 400 1.3 2.5×10−2
0.052 520 1.0 1.7×10−2
0.021 309 2.4 6.8×10−2
0.025 0.53 0.036 530 1.4 3.0×10−2
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L(ζ ,ξ ) = max[L(ζ ,ξ )−M (ζ ,ξ ) ,0] (2.6)






〈V 〉all σ 〈V 〉all−4σ <V < 〈V 〉all +4σ
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(−{(xm− xc)2 +(ym− yc)2 +(zm− zc)2}/σ2) (2.8)
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- 2.8 vI vI v′I D = 0.02m φ = 0.45
V0 = 0.032m/s Rep = 320 y/D = 0.000
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RT xz(x,y,z) = u′I(x,y,z, t)w′I(x,y,z, t) (2.16)
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Ψ z/D = 0.25
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V0 Reynolds KT 2.20
〈KT 〉yz Reynolds
〈KT 〉yz -2.18(a) V0 Reynolds
〈KT 〉yz




〈KT 〉∗yz = 〈KT 〉yz /V 20 (2.21)
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- 2.18 〈KT 〉yz Reynolds D = 0.02m φ = 0.45
-2.19 φD = 1.3×10−2m φ = 0.53 D = 2.5×10−2m Reynolds
Rep = 309 -2.20
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〈KT 〉xyz Reynolds 〈KT 〉xyz
φD Reynolds
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〈KT 〉∗yz
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- 2.25 〈KT 〉∗xyz Reynolds φD
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νt 2.24 RTi j γTi j = ∂Ui∂x j +
∂U j
∂xi
RT xz γT xz
Macroscopic
Rep = 320 Reynolds RT xz
γT xz -2.26 -2.26
R∗T xz γ∗T xz





R∗T xz γ∗T xz
−γ∗T xz R∗T xz −γ∗T xz
R∗T xz −γ∗T xz








Rep = 520 Reynolds R∗T xz −γ∗T xz
Rep = 320
R∗T xz γ∗T xz 15000
R∗T xz γ∗T xz -2.28∼ -2.31 -2.28 Rep = 320
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(c) 6.0< x/D (d)
R∗T xz γ∗T xz r
νt
R∗T xz γ∗T xz
νt νt
-2.28∼ -2.31 R∗T xz γ∗T xz
Reynolds
γ∗T xz R∗T xz R∗T xz = 0.0
R∗T xz γ∗T xz
y/D = 0.000 y/D = 0.375
-2.30(b) R∗T xz −γ∗T xz r =−0.08
y/D = 0.000
R∗T xz γ∗T xz
Franke et al.[67] Cantwell & Coles[101]
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(II) −γ∗T xz
- 2.26 Reynolds R∗T xz −γ∗T xz Rep = 320
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10. V0 〈KT 〉∗yz φD
Reynolds
Reynolds φD
〈KT 〉∗yz 〈KT 〉∗yz
φD
〈KT 〉∗xyz φD = 3.2×10−3m 0.25 φD = 9.0×10−3m
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D = 0.020m φ = 0.45 V0 = 0.032m/s Rep = 320 y/D = 0.000
`S K∗
〈K〉∗z 2.17 -3.1 `S
0.0< x/D< 6.0 `S
〈K〉∗z `S `S
`S = 6.0×10−3m `S 〈K〉∗z
`S = 6.0×10−3m
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- 3.1 D = 0.020m




vs(xm,ym,zm) = v(xm,ym,zm)−〈v〉(xc,yc,zc) (3.3)
-3.2 D = 0.02m φ = 0.45 V0 = 0.032m/s Rep = 320
-3.3
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(a) y/D = 0.000







(b) y/D = 0.375
- 3.2 D = 0.020m φ = 0.45 V0 = 0.032m/s Rep = 320







(a) y/D = 0.000







(b) y/D = 0.375



































(us(xm,ym,zm, t)ws(xn,ym,zm, t))dv (3.7)
M Vs us ws X Z
Y























D = 0.02m φ = 0.45 V0 = 0.032m/s Rep = 320
vs -3.4 y/D = 0.000
ISx ISz
∆t = 4.0×10−3s ∆t
-3.5 y/D = 0.000 ISx
ISz -3.4 -3.5
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0 0.5 1 1.5 2 2.5 3 3.5 4
(a) t = 0.000s









0 0.5 1 1.5 2 2.5 3 3.5 4
(b) t = 0.004s









0 0.5 1 1.5 2 2.5 3 3.5 4
(c) t = 0.008s









0 0.5 1 1.5 2 2.5 3 3.5 4
(d) t = 0.012s









0 0.5 1 1.5 2 2.5 3 3.5 4
(e) t = 0.016s
(I) ISx










0 0.5 1 1.5 2 2.5 3 3.5 4
(a) t = 0.000s









0 0.5 1 1.5 2 2.5 3 3.5 4
(b) t = 0.004s









0 0.5 1 1.5 2 2.5 3 3.5 4
(c) t = 0.008s









0 0.5 1 1.5 2 2.5 3 3.5 4
(d) t = 0.012s









0 0.5 1 1.5 2 2.5 3 3.5 4
(e) t = 0.016s
(I) ISz
























0 0.5 1 1.5 2 2.5 3 3.5 4
(II) ISz













0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4












0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4










0 0.5 1 1.5 2 2.5 3 3.5 4
(g) y/D = 0.750
(II) ISz
- 3.6 ISx ISz D = 0.02m φ = 0.45 V0 = 0.032m/s Rep = 320
72 3
-3.6 ISx ISz ISx ISz
ISx ISz
y/D = 0.000∼ 0.125 y/D = 0.625∼ 0.750
ISx ISz
y/D = 0.250 ∼ 0.500 ISx ISz
IT x IT z -2.12
ISx ISz IT x
IT z -2.12 IT x









Reynolds RSxz -3.7(II) RSxz


















0 1 2 3 4 5 6 7 8 9 10










0 1 2 3 4 5 6 7 8 9 10










0 1 2 3 4 5 6 7 8 9 10










0 1 2 3 4 5 6 7 8 9 10










0 1 2 3 4 5 6 7 8 9 10










0 1 2 3 4 5 6 7 8 9 10










0 1 2 3 4 5 6 7 8 9 10
(g) y/D = 0.750
(I) KS










−3 −2 −1 0 1 2 3
(a) y/D = 0.000









−3 −2 −1 0 1 2 3
(b) y/D = 0.125









−3 −2 −1 0 1 2 3
(c) y/D = 0.250









−3 −2 −1 0 1 2 3
(d) y/D = 0.375









−3 −2 −1 0 1 2 3
(e) y/D = 0.500









−3 −2 −1 0 1 2 3
(f) y/D = 0.625









−3 −2 −1 0 1 2 3
(g) y/D = 0.750
(II) RSxz
- 3.7 KS Reynolds RSxz D = 0.02m φ =
0.45 V0 = 0.032m/s Rep = 320
74 3
IS KS RSxz




























































〈IT x〉z 〈IT z〉z
2.18
3.3. 75

















< ISx >z < ISz >z
(a) y/D = 0.000

















< ISx >z < ISz >z
(b) y/D = 0.125

















< ISx >z < ISz >z
(c) y/D = 0.250

















< ISx >z < ISz >z
(d) y/D = 0.375

















< ISx >z < ISz >z
(e) y/D = 0.500

















< ISx >z < ISz >z
(f) y/D = 0.625

















< ISx >z < ISz >z






D = 0.02m φ = 0.45 V0 = 0.032m/s
Rep = 320






















yz D = 0.02m φ = 0.45 V0 = 0.032m/s
Rep = 320
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(a) y/D = 0.000














(b) y/D = 0.125














(c) y/D = 0.250














(d) y/D = 0.375














(e) y/D = 0.500














(f) y/D = 0.625




















D = 0.02m φ = 0.45 V0 =
0.032m/s Rep = 320


















yz D = 0.02m φ = 0.45 V0 =























































































y/D = 0.000 y/D = 0.375
























































































































































































KS V0 = 0.021m/s
φD KS φD
-3.13 φD = 1.3×10−2m φ = 0.53 D = 2.5×10−2m
Reynolds Rep = 309 -3.14





φD φD = 1.3× 10−2m







































0 2 4 6 8 10









0 2 4 6 8 10









0 2 4 6 8 10









0 2 4 6 8 10









0 2 4 6 8 10









0 2 4 6 8 10
(f) y/D = 0.500












0 2 4 6 8 10









0 2 4 6 8 10









0 2 4 6 8 10
(c) y/D = 0.500
- 3.14 KS D = 0.01m φ = 0.32 V0 = 0.021m/s Rep = 75















(a) φD = 1.3×10−2m Rep = 309















(b) φD = 3.0×10−3m Rep = 75
- 3.15 φD 〈KS〉yz
V0 = 0.021m/s
3.3. 83



















(a) φD = 3.0×10−3m





















(b) φD = 9.0×10−3m
















































φ D = 3.2×10−3m
φ D = 9.0×10−3m











































































(a) φD = 3.0×10−3m

















(b) φD = 9.0×10−3m






































φ D = 3.2×10−3m
φ D = 9.0×10−3m

















































































Rep = 320 Reynolds RSxz
γSxz -3.20 -3.20
R∗Sxz γ∗Sxz







R∗Sxz −γ∗Sxz R∗Sxz −γ∗Sxz
R∗Sxz −γ∗Sxz





-3.21 Reynolds Rep = 520
R∗Sxz −γ∗Sxz Reynolds
R∗Sxz γ∗Sxz Tm
15000 R∗Sxz γ∗Sxz -3.22∼ -
3.25 -3.22 Rep = 320 y/D = 0.000 -3.23
y/D = 0.375 -3.24 Rep = 520
y/D = 0.000 -3.25 y/D = 0.375
y/D = 0.000 y/D = 0.375
(a) x/D< 0.0 (b)
0.0< x/D< 6.0 (c) 6.0< x/D (d)
R∗Sxz γ∗Sxz
r -3.22∼ -3.25 R∗Sxz γ∗Sxz
-2.28∼ -2.31 R∗T xz
γ∗T xz Reynolds
γ∗Sxz
R∗Sxz R∗Sxz = 0.0
y/D = 0.000 Rep = 320 Rep = 520 -3.22(b)
-3.24(b)
Rep = 320 y/D = 0.000
r = −0.39 y/D = 0.375 r = −0.23 Reynolds
Rep = 520 y/D = 0.000 r =−0.07 y/D = 0.375 r =−0.14
















−0.3 −0.2 −0.1 0 0.1 0.2 0.3
(a) y/D = 0.000








−0.2 −0.1 0 0.1 0.2 0.3
(b) y/D = 0.125








−0.2 −0.1 0 0.1 0.2 0.3
(c) y/D = 0.250








−0.2 −0.1 0 0.1 0.2 0.3
(d) y/D = 0.375








−0.2 −0.1 0 0.1 0.2 0.3
(e) y/D = 0.500








−0.2 −0.1 0 0.1 0.2 0.3
(f) y/D = 0.625








−0.2 −0.1 0 0.1 0.2 0.3
(g) y/D = 0.750
(I) R∗Sxz








−10 −5 0 5 10
(a) y/D = 0.000








−10 −5 0 5 10
(b) y/D = 0.125








−10 −5 0 5 10
(c) y/D = 0.250








−10 −5 0 5 10
(d) y/D = 0.375








−10 −5 0 5 10
(e) y/D = 0.500








−10 −5 0 5 10
(f) y/D = 0.625








−10 −5 0 5 10
(g) y/D = 0.750
(II) −γ∗Sxz
- 3.20 Reynolds R∗Sxz −γ∗Sxz Rep = 320
3.4. 91








−0.3 −0.2 −0.1 0 0.1 0.2 0.3
(a) y/D = 0.000








−0.2 −0.1 0 0.1 0.2 0.3
(b) y/D = 0.125








−0.2 −0.1 0 0.1 0.2 0.3
(c) y/D = 0.250








−0.2 −0.1 0 0.1 0.2 0.3
(d) y/D = 0.375








−0.2 −0.1 0 0.1 0.2 0.3
(e) y/D = 0.500








−0.2 −0.1 0 0.1 0.2 0.3
(f) y/D = 0.625








−0.2 −0.1 0 0.1 0.2 0.3
(g) y/D = 0.750
(I) R∗Sxz








−10 −5 0 5 10
(a) y/D = 0.000








−10 −5 0 5 10
(b) y/D = 0.125








−10 −5 0 5 10
(c) y/D = 0.250








−10 −5 0 5 10
(d) y/D = 0.375








−10 −5 0 5 10
(e) y/D = 0.500








−10 −5 0 5 10
(f) y/D = 0.625








−10 −5 0 5 10
(g) y/D = 0.750
(II) −γ∗Sxz
- 3.21 Reynolds R∗Sxz −γ∗Sxz Rep = 520
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(b) 0.0< x/D< 6.0






































- 3.22 Reynolds R∗Sxz γ∗Sxz Rep = 320 y/D = 0.000
3.4. 93





































(b) 0.0< x/D< 6.0






































- 3.23 Reynolds R∗Sxz γ∗Sxz Rep = 320 y/D = 0.375
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(b) 0.0< x/D< 6.0






































- 3.24 Reynolds R∗Sxz γ∗Sxz Rep = 520 y/D = 0.000
3.4. 95





































(b) 0.0< x/D< 6.0

















































































































































KC = V T/L (4.1)
V T L KC
L V L/V T
KC
Reynolds KC
V0 T Reynolds KC
4.2
-4.1 D = 0.02m (KE108: ( )) 221
0.1×0.1×0.14m φ = 0.34
B = H = 0.1m 1.0m
40%
ν = 0.9×10−6m2/s PC
van Gent[108]
4.2
0.01 V0 T -4.1
4.3 4.4 Reynolds Rep KC
V = V0sin(2pit/T ) (4.2)
Rep = V0φD/ν (4.3)

































∆t = 1/250s 1/250∼1/500s










V0 [ m/s ] T [ s ] Rep KC
2.0 2.8
0.028 6.0 212 8.4
10.0 14.0
1.4 2.9
0.041 4.0 310 8.2
6.6 13.5
1.0 2.8
0.055 3.0 416 8.3
5.0 13.8
(a)KC = 2.9 (b)KC = 8.2 (c)KC = 13.5
V0 (a)(b)(c) V
t/T = 0.000∼ 0.500
V > 0.0 -4.2∼ -4.10 t/T = 0.500∼ 1.000 V < 0.0 -4.10∼
-4.18 V
-4.2∼ -4.10 t/T = 0.000 ∼ 0.500
|x/D| < 3.5
|x/D|> 3.5
t/T = 0.000 -4.2 t/T = 0.500
-4.10 V = 0.0
x/D<−3.5
t/T = 0.000 ∼ 0.500 -4.2∼ -4.10
x/D > 3.5
t/T = 0.063 ∼ 0.250 -4.3∼ -4.6 t/T = 0.313 ∼ 0.500





t/T = 0.000 0.500 V = 0.0 -4.2 -4.10
KC
t/T = 0.063∼ 0.250 t/T = 0.250∼ 0.438 KC
KC
t/T = 0.063∼ 0.500 x/D> 3.5 KC
KC
104 4








V=0.0 (a) KC = 2.9








V=0.0 (b) KC = 8.2








V=0.0 (c) KC = 13.5
- 4.2 t/T = 0.000 V = 0.0 Rep = 310 y/D = 0.000
4.3. 105








V=0.38V0(a) KC = 2.9








V=0.38V0(b) KC = 8.2








V=0.38V0(c) KC = 13.5
- 4.3 t/T = 0.063 V = 0.38V0 Rep = 310 y/D = 0.000
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V=0.71V0(a) KC = 2.9








V=0.71V0(b) KC = 8.2








V=0.71V0(c) KC = 13.5
- 4.4 t/T = 0.125 V = 0.71V0 Rep = 310 y/D = 0.000
4.3. 107








V=0.92V0(a) KC = 2.9








V=0.92V0(b) KC = 8.2








V=0.92V0(c) KC = 13.5
- 4.5 t/T = 0.188 V = 0.92V0 Rep = 310 y/D = 0.000
108 4








V=V0 (a) KC = 2.9








V=V0 (b) KC = 8.2








V=V0 (c) KC = 13.5
- 4.6 t/T = 0.250 V = V0 Rep = 310 y/D = 0.000
4.3. 109








V=0.92V0(a) KC = 2.9








V=0.92V0(b) KC = 8.2








V=0.92V0(c) KC = 13.5
- 4.7 t/T = 0.313 V = 0.92V0 Rep = 310 y/D = 0.000
110 4








V=0.71V0(a) KC = 2.9








V=0.71V0(b) KC = 8.2








V=0.71V0(c) KC = 13.5
- 4.8 t/T = 0.375 V = 0.71V0 Rep = 310 y/D = 0.000
4.3. 111








V=0.38V0(a) KC = 2.9








V=0.38V0(b) KC = 8.2








V=0.38V0(c) KC = 13.5
- 4.9 t/T = 0.438 V = 0.38V0 Rep = 310 y/D = 0.000
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V=0.0 (a) KC = 2.9








V=0.0 (b) KC = 8.2








V=0.0 (c) KC = 13.5
- 4.10 t/T = 0.500 V = 0.0 Rep = 310 y/D = 0.000
4.3. 113








V=−0.38V0(a) KC = 2.9








V=−0.38V0(b) KC = 8.2








V=−0.38V0(c) KC = 13.5
- 4.11 t/T = 0.563 V =−0.38V0 Rep = 310 y/D = 0.000
114 4








V=−0.71V0(a) KC = 2.9








V=−0.71V0(b) KC = 8.2








V=−0.71V0(c) KC = 13.5
- 4.12 t/T = 0.625 V =−0.71V0 Rep = 310 y/D = 0.000
4.3. 115








V=−0.92V0(a) KC = 2.9








V=−0.92V0(b) KC = 8.2








V=−0.92V0(c) KC = 13.5
- 4.13 t/T = 0.688 V =−0.92V0 Rep = 310 y/D = 0.000
116 4








V=−V0 (a) KC = 2.9








V=−V0 (b) KC = 8.2








V=−V0 (c) KC = 13.5
- 4.14 t/T = 0.750 V =−V0 Rep = 310 y/D = 0.000
4.3. 117








V=−0.92V0(a) KC = 2.9








V=−0.92V0(b) KC = 8.2








V=−0.92V0(c) KC = 13.5
- 4.15 t/T = 0.813 V =−0.92V0 Rep = 310 y/D = 0.000
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V=−0.71V0(a) KC = 2.9








V=−0.71V0(b) KC = 8.2








V=−0.71V0(c) KC = 13.5
- 4.16 t/T = 0.875 V =−0.71V0 Rep = 310 y/D = 0.000
4.3. 119








V=−0.38V0(a) KC = 2.9








V=−0.38V0(b) KC = 8.2








V=−0.38V0(c) KC = 13.5
- 4.17 t/T = 0.938 V =−0.38V0 Rep = 310 y/D = 0.000
120 4








V=0.0 (a) KC = 2.9








V=0.0 (b) KC = 8.2








V=0.0 (c) KC = 13.5
- 4.18 t/T = 1.000 V = 0.0 Rep = 310 y/D = 0.000
4.3. 121














Pb Pc Pd Pe




x/D,y/D,z/D = 0.0 0.0 −0.6 Pb
x/D,y/D,z/D = 0.2 0.0 −0.6 Pc
x/D,y/D,z/D = 3.5 0.0 −0.6 Pd D x/D,y/D,z/D =
4.5 0.0 0.0 Pe 3D x/D,y/D,z/D = 6.5 0.0 0.0
-4.20(I) -4.20(II) Rep = 310 KC = 2.9 Rep = 310
KC = 8.2 V0
uI/V0 wI/V0 V/V0
-4.20(I)-(a) Rep = 310 KC = 2.9 Pa
X uI V
T V uI T uI












t/T = 0.0∼ 0.5 t/T = 1.0∼ 1.5 t/T = 0.5∼ 1.0
t/T = 1.5∼ 2.0 t/T = 0.0∼ 0.5 t/T = 1.0∼ 1.5
-4.20(I)-(d) D
-4.20(I)-(e) 3D
wI uI V -4.20(II)-(a)∼












u′M = uI−uM (4.6)
∆tM ∆tM
φD V0 ∆tM = φD/V0















































 / V0 wI / V0 V / V0
(a) Pa(x/D,y/D,z/D) = (0.0,0.0,−0.6)


























 / V0 wI / V0 V / V0
(b) Pb(x/D,y/D,z/D) = (0.2,0.0,−0.6)


























 / V0 wI / V0 V / V0
(c) Pc(x/D,y/D,z/D) = (3.5,0.0,−0.6)


























 / V0 wI / V0 V / V0
(d) Pd(x/D,y/D,z/D) = (4.5,0.0,0.0)


























 / V0 wI / V0 V / V0
(e) Pe(x/D,y/D,z/D) = (6.5,0.0,0.0)
(I) Rep = 310 KC = 2.9


























 / V0 wI / V0 V / V0
(a) Pa(x/D,y/D,z/D) = (0.0,0.0,−0.6)


























 / V0 wI / V0 V / V0
(b) Pb(x/D,y/D,z/D) = (0.2,0.0,−0.6)


























 / V0 wI / V0 V / V0
(c) Pc(x/D,y/D,z/D) = (3.5,0.0,−0.6)


























 / V0 wI / V0 V / V0
(d) Pd(x/D,y/D,z/D) = (4.5,0.0,0.0)


























 / V0 wI / V0 V / V0
(e) Pe(x/D,y/D,z/D) = (6.5,0.0,0.0)
(II) Rep = 310 KC = 8.2
- 4.20
4.3. 125































 / V0 uM / V0 u′M / V0
(a) Rep = 310 KC = 2.9































 / V0 uM / V0 u′M / V0
(b) Rep = 310 KC = 8.2








IS KS Reynolds RSxz
3.1 3.3
Vs `S `S = 6.0×10−3m
ISx ISz KS Reynolds RSxz 3.4
3.5 3.6 3.7
4.4.1 Reynolds
D = 0.02m φ = 0.34 V0 = 0.041m/s T = 4.0s Rep = 310 KC = 8.2
y/D = 0.000
t/T = 0.000∼ 0.500 V > 0.0 t/T = 0.500 ∼ 1.000
V < 0.0 -4.22 -4.23 t/T = 0.000∼ 1.000
V
X
t/T = 0.000∼ 0.500
x/D<−3.5 x/D> 3.5
-4.22 ISx ISz -4.23 KS
Reynolds RSxz V = 0.0
t/T = 0.000 -4.22(a) -4.23(a) x/D < −3.5
V
-4.22(b)∼ -4.22(i) -4.23(b)∼ -4.23(i)
ISx ISz
4.4. 127
|x/D|< 3.5 ISx ISz
KS Reynolds RSxz V = 0.0 t/T = 0.000 -4.22(a)
-4.23(a) V
-4.22(b)∼ -4.22(e) -4.23(b)∼ -4.23(e) V
-4.22(f)∼ -4.22(i) -4.23(f)∼ -4.23(i)




t/T = 0.000∼ 0.063 -4.22(a)∼
-4.22(b) V t/T = 0.125∼ 0.375 ISx
ISz -4.22(c)∼ -4.22(g)
V t/T = 0.438∼ 0.500
-4.22(h)∼ -4.22(i)
x/D > 3.5 V
-4.22(b)∼ -4.23(e) -4.23(b)∼ -4.22(e)
V
-4.22(f)∼
-4.22(i) -4.23(f)∼ -4.22(i) ISx ISz
V t/T = 0.000∼ 0.063
-4.22(a)∼ -4.22(b) V t/T = 0.125 ∼ 0.375 ISx
ISz -4.22(c)∼ -4.22(g) V



























V t/T = 0.375





x/D = 3.5 〈KS〉yz V V
〈KS〉yz t/T = 0.063∼ 0.438
〈KS〉yz
• IS KS Reynolds RSxz
V = 0.0
V
• IS KS Reynolds RSxz





























0 1 2 3 4 5
(a) t/T = 0.000 V = 0.0











0 1 2 3 4 5
(b) t/T = 0.063 V = 0.38V0











0 1 2 3 4 5
(c) t/T = 0.125 V = 0.71V0











0 1 2 3 4 5
(d) t/T = 0.188 V = 0.92V0











0 1 2 3 4 5
(e) t/T = 0.250 V = V0











0 1 2 3 4 5
(f) t/T = 0.313 V = 0.92V0
(I) ISx











0 1 2 3 4 5
(a) t/T = 0.000 V = 0.0











0 1 2 3 4 5
(b) t/T = 0.063 V = 0.38V0











0 1 2 3 4 5
(c) t/T = 0.125 V = 0.71V0











0 1 2 3 4 5
(d) t/T = 0.188 V = 0.92V0











0 1 2 3 4 5
(e) t/T = 0.250 V = V0











0 1 2 3 4 5
(f) t/T = 0.313 V = 0.92V0
(II) ISz
- 4.22 ISx ISz D = 0.02m φ = 0.34 V0 = 0.041m/s T = 4.0s
Rep = 310 KC = 8.2 y/D = 0.000
4.4. 131











0 1 2 3 4 5
(g) t/T = 0.375 V = 0.71V0











0 1 2 3 4 5
(h) t/T = 0.438 V = 0.38V0











0 1 2 3 4 5
(i) t/T = 0.500 V = 0.0











0 1 2 3 4 5
(j) t/T = 0.563 V =−0.38V0











0 1 2 3 4 5
(k) t/T = 0.625 V =−0.71V0











0 1 2 3 4 5
(l) t/T = 0.688 V =−0.92V0
(I) ISx











0 1 2 3 4 5
(g) t/T = 0.375 V = 0.71V0











0 1 2 3 4 5
(h) t/T = 0.438 V = 0.38V0











0 1 2 3 4 5
(i) t/T = 0.500 V = 0.0











0 1 2 3 4 5
(j) t/T = 0.563 V =−0.38V0











0 1 2 3 4 5
(k) t/T = 0.625 V =−0.71V0











0 1 2 3 4 5
(l) t/T = 0.688 V =−0.92V0
(II) ISz
- 4.22 ISx ISz D = 0.02m φ = 0.34 V0 = 0.041m/s T = 4.0s
Rep = 310 KC = 8.2 y/D = 0.000
132 4











0 1 2 3 4 5
(m) t/T = 0.750 V =−V0











0 1 2 3 4 5
(n) t/T = 0.813 V =−0.92V0











0 1 2 3 4 5
(o) t/T = 0.875 V =−0.71V0











0 1 2 3 4 5
(p) t/T = 0.938 V =−0.38V0











0 1 2 3 4 5
(q) t/T = 1.000 V = 0.0
(I) ISx











0 1 2 3 4 5
(m) t/T = 0.750 V =−V0











0 1 2 3 4 5
(n) t/T = 0.813 V =−0.92V0











0 1 2 3 4 5
(o) t/T = 0.875 V =−0.71V0











0 1 2 3 4 5
(p) t/T = 0.938 V =−0.38V0











0 1 2 3 4 5
(q) t/T = 1.000 V = 0.0
(II) ISz
- 4.22 ISx ISz D = 0.02m φ = 0.34 V0 = 0.041m/s T = 4.0s
Rep = 310 KC = 8.2 y/D = 0.000
4.4. 133












0 5 10 15 20 25
(a) t/T = 0.000 V = 0.0












0 5 10 15 20 25
(b) t/T = 0.063 V = 0.38V0












0 5 10 15 20 25
(c) t/T = 0.125 V = 0.71V0












0 5 10 15 20 25
(d) t/T = 0.188 V = 0.92V0












0 5 10 15 20 25
(e) t/T = 0.250 V = V0












0 5 10 15 20 25
(f) t/T = 0.313 V = 0.92V0
(I) KS












−10 −5 0 5 10
(a) t/T = 0.000 V = 0.0












−10 −5 0 5 10
(b) t/T = 0.063 V = 0.38V0












−10 −5 0 5 10
(c) t/T = 0.125 V = 0.71V0












−10 −5 0 5 10
(d) t/T = 0.188 V = 0.92V0












−10 −5 0 5 10
(e) t/T = 0.250 V = V0












−10 −5 0 5 10
(f) t/T = 0.313 V = 0.92V0
(II) RSxz
- 4.23 KS Reynolds RSxz D = 0.02m φ = 0.34 V0 =
0.041m/s T = 4.0s Rep = 310 KC = 8.2 y/D = 0.000
134 4












0 5 10 15 20 25
(g) t/T = 0.375 V = 0.71V0












0 5 10 15 20 25
(h) t/T = 0.438 V = 0.38V0












0 5 10 15 20 25
(i) t/T = 0.500 V = 0.0












0 5 10 15 20 25
(j) t/T = 0.563 V =−0.38V0












0 5 10 15 20 25
(k) t/T = 0.625 V =−0.71V0












0 5 10 15 20 25
(l) t/T = 0.688 V =−0.92V0
(I) KS












−10 −5 0 5 10
(g) t/T = 0.375 V = 0.71V0












−10 −5 0 5 10
(h) t/T = 0.438 V = 0.38V0












−10 −5 0 5 10
(i) t/T = 0.500 V = 0.0












−10 −5 0 5 10
(j) t/T = 0.563 V =−0.38V0












−10 −5 0 5 10
(k) t/T = 0.625 V =−0.71V0












−10 −5 0 5 10
(l) t/T = 0.688 V =−0.92V0
(II) RSxz
- 4.23 KS Reynolds RSxz D = 0.02m φ = 0.34 V0 =
0.041m/s T = 4.0s Rep = 310 KC = 8.2 y/D = 0.000
4.4. 135












0 5 10 15 20 25
(m) t/T = 0.750 V =−V0












0 5 10 15 20 25
(n) t/T = 0.813 V =−0.92V0












0 5 10 15 20 25
(o) t/T = 0.875 V =−0.71V0












0 5 10 15 20 25
(p) t/T = 0.938 V =−0.38V0












0 5 10 15 20 25
(q) t/T = 1.000 V = 0.0
(I) KS












−10 −5 0 5 10
(m) t/T = 0.750 V =−V0












−10 −5 0 5 10
(n) t/T = 0.813 V =−0.92V0












−10 −5 0 5 10
(o) t/T = 0.875 V =−0.71V0












−10 −5 0 5 10
(p) t/T = 0.938 V =−0.38V0












−10 −5 0 5 10
(q) t/T = 1.000 V = 0.0
(II) RSxz
- 4.23 KS Reynolds RSxz D = 0.02m φ = 0.34 V0 =
0.041m/s T = 4.0s Rep = 310 KC = 8.2 y/D = 0.000
136 4

















(a) t/T = 0.000 V = 0.0

















(b) t/T = 0.063 V = 0.38V0

















(c) t/T = 0.125 V = 0.71V0

















(d) t/T = 0.188 V = 0.92V0

















(e) t/T = 0.250 V = V0

















(f) t/T = 0.313 V = 0.92V0

















(g) t/T = 0.375 V = 0.71V0

















(h) t/T = 0.438 V = 0.38V0

















(i) t/T = 0.500 V = 0.0
- 4.24 〈KS〉yz D = 0.02m φ = 0.34 V0 = 0.041m/s











-4.25 Rep = 212 KC = 2.8∼ 14.0 -4.26 Rep = 310
KC = 2.9 ∼ 13.5 -4.27 Rep = 416 KC = 2.8 ∼ 13.8
V ≥ 0
t/T = 0.000 0.125 0.250 0.375 0.500 〈KS〉yz
x/D<−3.5 x/D> 3.5
-4.25 Rep = 212 KC = 2.8∼ 14.0 〈KS〉yz KC





〈KS〉yz V V 〈KS〉yz
〈KS〉yz
〈KS〉yz KC KC
V = 0.0 t/T = 0.000 0.500 〈KS〉yz
KC V = V0 t/T = 0.250 〈KS〉yz
〈KS〉yz = 7.5× 10−4m2/s2 〈KS〉yz
KC KC
x/D = 3.5 〈KS〉yz V V
KC
138 4
x/D> 3.5 〈KS〉yz 〈KS〉yz
〈KS〉yz KC
〈KS〉yz KC -4.25∼
-4.27 Reynolds (a) (b) (c)


















Nx Ny Nz X Y Z KS
〈KS〉xyz
D KS 〈KS〉yz
〈KS〉yz −2.5< x/D< 2.5








-4.28 (a)Rep = 212 KC = 2.8 (b)Rep = 310 KC = 2.9 (c)Rep = 310
KC = 13.5 〈KS〉xyz 〈uS〉∗xyz
t/T = 0.0∼ 0.5 t/T = 0.5∼ 1.0 〈KS〉xyz
〈uS〉∗xyz | 〈uS〉∗xyz |
| 〈uS〉∗xyz | t/T = 0.0∼ 0.5 t/T = 0.5∼ 1.0
| 〈uS〉∗xyz | 〈KS〉xyz
〈KS〉xyz t/T = 0.0 t/T = 0.5
4.4. 139
t = 0.07∼ 0.1s
〈KS〉xyz | 〈uS〉∗xyz |






| 〈uS〉∗xyz | 〈KS〉xyz
〈uS〉∗xyz
KC (c) | 〈uS〉∗xyz |




〈KS〉xyz 〈KS〉xyz max 〈KS〉xyz min
-4.29 KC
〈KS〉xyz max 〈KS〉xyz min KC
Reynolds 〈KS〉xyz max
Rep = 212 〈KS〉xyz max∼ 5.5×10−4m2/s2 Rep = 310 〈KS〉xyz max∼ 10.5×10−4m2/s2
Rep = 416 〈KS〉xyz max∼ 15.0×10−4m2/s2 〈KS〉xyz min
Reynolds KC

















Reynolds Rep = φDV/ν
Reynolds
〈KS〉yz
V V0 t/T = 0.250 Reynolds
V
〈KS〉yz
-4.30(a) Rep = 320 〈KS〉yz -4.30(b)∼(d)
Rep = 310 t/T = 0.250 〈KS〉yz











KC = 13.5 -4.30(d)
































(a) Rep = 212 KC = 2.8


















(b) Rep = 212 KC = 8.4


















(c) Rep = 212 KC = 14.0
- 4.25 〈KS〉yz Rep = 212
4.4. 143























(a) Rep = 310 KC = 2.9


















(b) Rep = 310 KC = 8.2


















(c) Rep = 310 KC = 13.5
- 4.26 〈KS〉yz Rep = 310
144 4























(a) Rep = 416 KC = 2.8


















(b) Rep = 416 KC = 8.3


















(c) Rep = 416 KC = 13.8
- 4.27 〈KS〉yz Rep = 416
4.4. 145

























(a) Rep = 212 KC = 2.8

























(b) Rep = 310 KC = 2.9

























(c) Rep = 310 KC = 13.5
- 4.28 〈KS〉xyz | 〈uS〉∗xyz |
146 4






















































































- 4.29 Reynolds KC 〈KS〉xyz
4.4. 147
















(a) Rep = 320
















(b) Rep = 310 KC = 2.9 t/T = 0.250
















(c) Rep = 310 KC = 8.2 t/T = 0.250























Rep = 310 KC = 2.9 y/D = 0.000
Reynolds RSxz γSxz -4.31







Rep = 310 KC = 8.2 -4.33 Rep = 310 KC = 13.5
RSxz −γSxz
R∗Sxz γ∗Sxz
R∗Sxz γ∗Sxz -4.34∼ -4.39 -4.34 -4.35
Rep = 310 KC = 2.9 -4.36 -4.37 Rep = 310 KC = 8.2
-4.38 -4.39 Rep = 310 KC = 13.5




-4.36(b) -4.37(e) -4.39(a) -4.39(b)
KC R∗Sxz γ∗Sxz
• Reynolds R∗Sxz −γ∗Sxz
−γ∗Sxz R∗Sxz
4.5. 149














−0.3 −0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3












−10 −5 0 5 10











−10 −5 0 5 10











−10 −5 0 5 10











−10 −5 0 5 10











−10 −5 0 5 10
(e) t/T = 0.500 V = 0.0
(II) −γ∗Sxz













−0.3 −0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3












−10 −5 0 5 10











−10 −5 0 5 10











−10 −5 0 5 10











−10 −5 0 5 10











−10 −5 0 5 10
(e) t/T = 0.500 V = 0.0
(II) −γ∗Sxz













−0.3 −0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3











−0.2 −0.1 0 0.1 0.2 0.3












−10 −5 0 5 10











−10 −5 0 5 10











−10 −5 0 5 10











−10 −5 0 5 10











−10 −5 0 5 10
(e) t/T = 0.500 V = 0.0
(II) −γ∗Sxz
- 4.33 Reynolds R∗Sxz −γ∗Sxz Rep = 310 KC = 13.5
y/D = 0.000
4.5. 153


















(a) t/T = 0.000


















(b) t/T = 0.125


















(c) t/T = 0.250


















(d) t/T = 0.375


















(e) t/T = 0.500
- 4.34 Reynolds R∗Sxz γ∗Sxz Rep = 310
KC = 2.9 y/D = 0.000 |x/D|< 3.5
154 4


















(a) t/T = 0.000


















(b) t/T = 0.125


















(c) t/T = 0.250


















(d) t/T = 0.375


















(e) t/T = 0.500
- 4.35 Reynolds R∗Sxz γ∗Sxz Rep = 310
KC = 2.9 y/D = 0.000 x/D> 3.5
4.5. 155


















(a) t/T = 0.000


















(b) t/T = 0.125


















(c) t/T = 0.250


















(d) t/T = 0.375


















(e) t/T = 0.500
- 4.36 Reynolds R∗Sxz γ∗Sxz Rep = 310
KC = 8.2 y/D = 0.000 |x/D|< 3.5
156 4


















(a) t/T = 0.000


















(b) t/T = 0.125


















(c) t/T = 0.250


















(d) t/T = 0.375


















(e) t/T = 0.500
- 4.37 Reynolds R∗Sxz γ∗Sxz Rep = 310
KC = 8.2 y/D = 0.000 x/D> 3.5
4.5. 157


















(a) t/T = 0.000


















(b) t/T = 0.125


















(c) t/T = 0.250


















(d) t/T = 0.375


















(e) t/T = 0.500
- 4.38 Reynolds R∗Sxz γ∗Sxz Rep = 310
KC = 13.5 y/D = 0.000 |x/D|< 3.5
158 4


















(a) t/T = 0.000


















(b) t/T = 0.125


















(c) t/T = 0.250


















(d) t/T = 0.375


















(e) t/T = 0.500
- 4.39 Reynolds R∗Sxz γ∗Sxz Rep = 310





















5. IS KS Reynolds RSxz

































14. KC = ∞ KC
〈KS〉yz KC
〈KS〉yz 〈KS〉yz
15. Reynolds R∗Sxz −γ∗Sxz
−γ∗Sxz R∗Sxz












Reynolds R∗T xz γT xz


















Yoshizawa[110] Shih & Lumley[111] Yoshizawa
RTi j =
2















































Liu et al.[103] Borue & Orszag[113]
















RSi j = λ 2s λ−2t (5.6)
λs λt
νt = λ 2s /λt λ−1t λ−1t =−γ
5.5 λs
λ−2t ∂ui∂x j
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γ∗Si j = γSi jD/V0 (5.9)
ω∗Si j = ωSi jD/V0 (5.10)
ε∗Si = εSiD/V0 (5.11)
D V0
ω∗xz γ∗xz
ε∗x ε∗z γ∗xz ω∗xz
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{γSxz (εSx + εSz)−ωSxz (εSx− εSz)} (5.12)
5.12 ΓSxz













D = 0.017m 0.05m
ν = 0.9×10−6m2/s 50µm
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-5.2(c)
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Re = V0H/ν = 1750
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{γSxz (εSx + εSz)−ωSxz (εSx− εSz)} (5.17)
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φD = 3.0×10−3m Reynolds
R∗Sxz Rm∗Sxz
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10. V0 〈KT 〉∗yz φD
Reynolds
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φD
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4. IS KS Reynolds RSxz
V = 0.0
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